
ADiR28 854 PROGRAMl PAGE REFERENCE PATTERNS U) CALIFORNIA UNIV i/i
BERKELEY COMPUTER SCIENCE DIV R S FABRY 15 NOV 81
N8839-82-C-0235

UNCLASSIFIED F/G 9/2 NI

lii~ EE



J± Mem

MICROCOPY RESOWTW TEST CHANT

MICROCOPY RESOLUTION TEST CHART NAIONAL BUREAU OF STMIW*SS-IW493-A
NATION& IBUEA OF UTADVDS-1963-A

1.0
J&

wh'uu

NAIONL BUREAUI AAD1 -----

rnrnma
Lo

I e

cUOCOPYal .64UO TSTO

- - .. J MTIN~i.HEM OP 1'M~-NU - -- ?

momEU i-- Na2." &! a

x~musa or otummM



oProgram Page Reference Patterns

-Technical Report

low 
R.S. Fabry

(415) 642-2714

"The views and conclusions contained in this document
are those of the authors and should not be Interpreted
as representing the official policies, either expressed
or implied, of the Defense Advanced Research Projects
Agency or the U.S. Bovernment.0

Contract N00039-62-C-0235
November 15. 1381 - Septuemr 30, 1903

ARPA Order Number 4031 9
8 0 21 069

a - -



Z 7 =77-~ 7 .'-S* *

Flo Npt JWMMe Pattsaw

U0lwRuly of caobik
Dubslsy. Ica 96MI

an tAs rinal~ changes In Pogrm loamlity
tend to beqie- a"it

This paper describes a set ofmavmnt W~

of hememryrefrecepatternsX 1ofemom ?Te metfvtun for this work was the desire
gram. Te tchnque ise to& S to darandtheimpact an memory manage-

measuremen--ts is Wfusually efficient. 'tedata mest due to the Increaise In lsme of applications
is presented in alu farm to Allow the r 511oncnftr.Eimap1JeO of these

Constant use of a paeadsqeta cr f gsWlug ad sybc coputton. These pro
'1 memory we emeilyoberved. en atempt Is gaeae muc too largae tosuyby simiula-

maeto clsiyteprograms bedon their Ueathey May rum for a day aduse many
referencing ~ ~ 1*1 beair rmti mlseit is megabytes of memory.

baedthatI thMraer winl gain sMe IN ORht as l~gj'aing techniqe works as follows.
toI.DU ~~ zr, - W r* be tn yse nwld

Moent ponles. aim 7 table fa a user process being
hetrenuctlom abeftmncpage al hc occurs

Pertorancme and meoyreference pat- in an Mnemnal bufer. A second user roes
terns of programs is an= Isu hase bee 9W- copies data fom the buffer toseodr
died for ma Pe. Owes tim. bowom, the eae trtacg.the, faulted pe. vwlbasic assul OWA for the me mor nuage. hnb aidtdo dI asaPyrt.

Mon of eProved that the vaobetweenos
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7hese studies uised InsAumented simulators. p an never used. This criterion in
*howeer. and dealt only withs much salterpro- clsjupIs reasonble in view of the chowg

* -. g as ms~e f for mucb Z= =rt"pra~ Of log technology of the last few years. Memories
%i tantbafreported here. T Wh5 preevcomus larger and lIon costly, while the

PaWes were not content to analy e srp access time to seondary storage hae been
chart aloe. but proceede to pmee the mostly constant. Hence. Ui some processor or
data ftrebr. 1/0 te am be saved, it is worth the waste of a

Few ade91-m-A'pepve f coes attrns few pages of memory.
how a ee seg entfimemod ur. ac ypse o sem Al h pra m obse v e rea at th

at a egmet ofa phae ofaxe- tions. in some runs, the data prosdyth
CUtisi bf a srora. n ds Is belled total If progra is synthetic. but onl where the

* Dearly avuy page in its logical address space isn cespten r ntdt e~n.Sm
toce r eqety "on patcess ws nots'~s Ifedvnd .Sm

tou" .in manding esd- it wmae tar by most a-tandards: they
the pages wue use i an acnigor dso t36mgye;of data and could run
lag, sequence. Thi kind of, program would for avL or more on a dedicate machine. One

*isifrmhvn an operan system pro- in a freq Ut used prr 7 : the parser-code
lath ags o b nedd.soon and pro-release an r oe o oplr

pages that have been passed. Regua access is 9Cpogras were not selected tor be copiler.
c-harecterised by coiventIonal locality Chac- process mix on a normal to e- til of

* teristics. Algorithms -like woknmst. LRU and ;~r iesae on
clock are usually effective. Fi Y.~v an access 1s Thsnae hsthe or ecins h
vatudom if the memory reference sequence inshspprhstremr etos b
nearly memoryless (in the statistica sense). nx section describes briefly the hardware, the
Although some synthetic progr s weemw Perat~n& system. and the techniqlue used to

wed at ehibied a ran wcrn e rre mo data. It may be skipj~ by readers

thoe results are not reported here because vide th est ad n pnlsso wt the
To be classified as belonging to one of th ma.eseau etin fr ocusos

types La program must exhibit -orspond- IL yechnlca Details of the Data Collection
ift behvior over a significant, portion of This work is profa roject to radea
memor for a significant period of time. Th pea 0 *,,, aZSlscale of significance here is that which would Borkele ves fthe UND( t Oeae mn
help anoperatin systemn in scheduln of 3 lD/IM trn n h iia
memory. A sequen I scan of a few thousoan F ab'sen Copr tio VA-lr es c aput

*bytes taking a few tens of milliseconds is an ; The. measurements presented in this
example of a characteristic well below the lee paper were done on a dedicated VAX-il1 /750.
of significance. Temaueetpoeticue he

To get a grasp on what we .tie hat ar pathe esremefcnte indedmn thre
significant to a typical time-shared operating arts: krncelst moicatns, bf i the dvlpeto
system. the depatetal research maclin. kuerpe s to ovda tagbers and the
was examined. Tis isiewed as a lower bon kernel to send ar stoge maud.h
on the minimal resources given to a user. It is willatn to th dpormnte, maurdtypial o ge S~of te pocesor or-of theme be described in general
ma to orkn hors th a-ctes du r- terms below. ?be description Is intended to
shar worf hors__tv user a fa ereasard to those who may want toshr'fmemory is nearly 900 kilobytes. a imlmna ehiu ntermwtm
page ofmemory is not normall paged out A l ireupat thfis eque
sooner than 30 seconds at real Lb fromno to ath isratyned to portem is
test reference,. Hence, about a second of vir- antemcheadcopain
talt procsor= thme is about the right granular- ortfi andth

the~oeatn spestemn WYEd the ~lh
no-ntrctv Vprocess. This corresponds to. de&c ist also

working set r of -about a million references. Ired. but he copy noioveua
These values are very conservative: th aabehr coy eiesso tms
research community in general and the deprt a"ti tpstin euiment- means that many
mnt In particular have or expect to haverni aepltes

*the near future sigifiantl more proceor There were two principal kernel
and memory6t Ce avial ohid - MRdftcatlog. The first change was to extractpo" nd e mory trac datat O ndv at the time of a De. fault. This

The the boud o th resurcs isforuse data was placed in a circular laifer in the ker-
of * a tdedicate d a he dedoicaed is netu a address space. A second modification was

ofs comone re A dediaed machine to dallw a process to issue a system call that
IS orasmnta ome of''the applicartins Invadated all of its page table entries.

urnges hewhole maclin. IC 30 sec'and The Second patof the measurement toot
Iq9_ ! A- _InvArin snce sthe meflitIoroom Itsprmar fn
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No processing of the data ws performed. included simulators of FIF0 LRU, Velady' MIN
The nal component of the taeiq pack algorithm [Be66, clustered page-in extensions

was the program to be monitored. T traoe d Ofte aove and sequential deasc.on p grepa-
program was usually. /fle proes. Th pro- Alpolice. ll of the above were fouzd to be
gram source was modified, by the insertion of. uaatlsfactory analysis tools because of the
ine-line cal, to execute a routine to setup the number of parametere necessary to run a simu-
masuremnt tool. At a roughly periodic re lation. A cloud of numbers was rnerated.
In real time, the monitored precess would be They provided very little insight into how a pro-
I n terruptd. Software w aded, by inclusion gram used memory.
of some object code at load time, to handle this The method of analysis selected is to
Interrupt. This software issued the system ca present the page refrence pttrn in the
.user. caedo a pages of the process to be form or a strip chart. can line
invalidated. The first reference to each pro- represents 100 mIllseconds of virtual time.
grm or data page after this would cause a Tne runs down the page. The other axis is thefal.The fault would be traced, and the pae age number. Pages are 1024 bytes in mine.would either be ped e trceeanpte ns e Iach dot represents one or more references for

woud ethr b paedin or Nli page tablnee. ae r 12 yesi ie
entry would simply be validated. - Normally, a page during a 100 millisecond period. Refer-
only a single fault for a page would occur ences to the stack are not shown. In some
between periodic interrupts. After some cases, only a frgment of the chart is
analysis, the period between interrupts was set presented. The charts are not all at the same
at 100 milliseconds. magnification.

In summary, the pages touched by the In the analysis of the progrms, all conclu-
monitored process in each 100 millseconds aons are made from knowinghe general appli-
period of real time would be recorded. cation of the program and from examination of

Several minor operating system specific the chart. Thy have not been verified by
comments may be helpful fMr a reader already examination of the programs. This is an advan-
familiar with VMUNIX. First, the system call tag. of this technique: the analysis does not
that invalidated the pages was an extension of require detailed knowledge of the programs.
the Nadvise" system call. Second, the Figure1 represnts IMAGE (called exyiq by
minimum period o software generated inter- its author). re is program that demon-
rupts was one second. This was modified to strates certain features of image processing. It

interrupts to occur with the granularity of converts a reAd-green-blue style image to a y-l-q
the line frequency (60 Hz on this machnel, style image. It is written in C and has 15 pages
Third, a process was allowed to "time stam" of program (as in all therorams examined,
the trace buffer. This was used to record vWr- the program p&Me pre i et I es n vitr
tual time in the buffer so as to be able to con- tual memory). of all. iose h6 little of
vert the trace data to virtual time. Finally, ys the address space is used for the code (less
tem calls were added to allow the tracin to be than one percent). Second, the data seems
turned on and off. qu/te well organised for this type of processing.

in any measurement study. overhead in Te wonu-p set is small compared to the total
always a problem. The goal is this work was to mot of data. What is pparently shown here
allow subb~tial o d, but not to lot the in a technique commo used whn processing
overfeal dominate. Most processes took about two (or m ) dimeonal, no-arse
two to four times the execution time they used matrices (]MOJMK . The matrix is subdvied in
when not traced. This could be been redsan- submarifo8 by cutting the matrix verticallytilly esened by invalidating their pasaq eve and horisontally. By adjuting the ese of thedof virtual (instead of r umatr s a row or a colurmn of the original
tim, Yoby increasing the real time between matrix can 6 completely resident in memory

by only loding the submatrices needed. Thushti e aa• matr% x canbe processed n either column orOther trace collection efforts in Weisre row order on a machine with a physical
used simulators (machine interpreters) memory much smaller than the entire matrix.mInto• of the raw md wor •metd b3

iseadofthem a=w orthrd Ch ] [ted The author clearly had memory performance in
[1hW6 mind when We progam was coded. On the

Stor cally Impoe a chart., oberve that there ae sharp changes inNovo Eha L of between IV 4n 100. The the locality of the data, but not in that of theraw "t they produce has a much maller code. There are six segments of data that exhi-
greaularty and sweaer volume. The fine bit sequential behavior, while the procedurei Mis needd for studies that focus an segment is total.toporatns Systemn Figures 2 and 3 sh a trace of a Fast
W U U Fourier Tranfe O (FP) oram. The imst

'.U WOW eighty seconds are used to htilethe matrix.
Durin the actual trao the Initial Ias

,X~atb=n a senpvWrm weoe traced. wre so rWtveaeta. Reweae", the elod
Themeu~~,I mti~ f thee -~ is so l&att pabgin impractical. Thsis abo~ prgramswere technology infuaneedeorliua fastr pagingbegeot wmerehe devices and slower roesr would make

Mdo ma it the ma ne sme of this see'n ae uutable to
W exploit. At Labout "-eemite no the wee.-

Owe the Uwme dastasr ualeab a Umetin the working set drops to abou half of the

tdo*a reuetim program wa writew Ths pas. However there in a tranition wher all
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d~ftpfwprviulyraurwe no longer benefit even leow by oae n this
needefd 0n allth unneeded pages are now inequetlalty. CCOIIsholdbe considered
needed .aU the even paes are no longer tetal.
needed Sthe odd numbe.-re are all The code otimiser ft C2. Its plot in shown

nowWe~). ho dy re 16"~ayto un ig ureB. it uses.2 pages amOlehisi to give it al thmiemory I Slbuh patoftesenr i 7 e en-M m
wat.'"L oga Is (prbably) total ater 1. %o e'riod of us nooudas nd.

th iibaP-ephase. Thiscompilation was ordontese
71u " 1 -AIMuLa This Is a VAX exten- Cthrm ud for MEWr6 muwsothbe i ea

Am V1 RAA running a demonstration.btteseo h segment changes.
* script 7Ws progra does symbolic computa- The VMUNDC loader Is Lb. Its plot is shown

tio (e. fltg~2%q.,Paat~n solving). It is Infgure 9. Note that there are two Phase*.
wrlttnpl ay tIn Q~,t hmassoe C Prim- This olot Is for the loading of the VNUNIX

Ities ncaseofthelit trctrestorage of OperaMn System Itself, and uses more
IM, thsre to no distinction between code and memo= n runs longer than a typical use of

* data It is asy- to observe that there is some Lb. Ahough some semuntiality exists, the
sequential behiavior in the upper addresses. program saeem mostly to.lAlso. me'r soe are in nespy constant me Notice how densely the parts of a "C Coin-However, te UM lyin points here should ,dom ml"(CMC n D ueteadessae
inate eronce. Lh of them represents noce pik CO.C n ueteadessae
otnta fault for a memory maneen -- I ie they are total, for these processes swap-

figurehi illustrates a potentialp rem ping would be mor effective than paging.
for the visua analysis technique: smaell outlying

dot ted t beIgnored. -VAXIMA Is regular
except during garbages collection (seonds 21- This paper has prsnted a techniquae to
2)when it Is total for certain segments. study the Wieory reference behavior of pro-

FlUre 5 A 6 we for SEARCH. Ths is ahivu~eI ar ml oIp.
FOILN rogam that se~Are deep Sec: an Is! ZW. vatymr efcetJa ehd?hoogrpbl At- o t n aaa-es &t_ t emeory referencepages of suite aljd.I t"Wsrs ;crjmto studies of Peg-Page nr ram 'u.m I Shows the liior higher level memor anagesment, andfirt 4 seons. TUSpater esabishd i te mt sitd for studies of cach behvior.fifth seodcontinues up hrug the four-

teenth minute shown In Fgue. sprra Data references appear tsinifficantly
* rums for about six hb ieesyrpatn h 'golt th paging behavior, of liepro-

pattern~~ ~ ~ ~ ~ shw nIDm~ = to y comparison. the code re erences
pateten shownin mi nutte Meain ho ag a ERR bei to a smeall area of memor and tend
s e v e n t e n t I s c t Ar ~ m ~ n o a .c o eYhs a e d e n s e ly . i n c e d tmesetedisk eilen a~t ht ocvti e verydt

d tlowto high adrs we svsibre in- reee cs dominate the paigbehavior, this
Figure 6, virtually all pages are used every few thmplis that restructurln, eoIs should focus
seconds. The horlamwta~e aprently occur on dat retuturing and not on code restruc-
when some feature is detdn the picture t=rin er?6J.
and Must. be evaluated. Thiscsanother pro- The only predictive memory angm t
graml that e-W that all its pages biin poll ta was sometimes found to useful
mnemryfor *Moe. Xt could also beaud wsUto ~ laccess. Of Hwth athat m poj 'ftrear % . osar since the M CIA E and SZAWH N files

ofto te T emryar spaatd by a few copled into the adrs pcJwud be
Seconds. Again thi a tcnlg Influenced 0mnbet prediction. IME could be
distinction.caefe a a mut-eeinent sequential pro-

This addressing pattern is an artifact of the grom. What IS ImwsieI the data retuc-,3;Jpg.. system primtives provided blidusdb IMAGE and SEARCH.
VNUNLI~euy. he at fie wud be coupled Both u 'a division of a matrix

Int teasso sPace instead of '-in.f into a esto reduce the vwking set
sofwae egMg. W asr coupled. then 7baiTh other per basial need all pats in

piogrm WOW U.,v sequential bevior fRE on ee7 e oo efrac.Dmor to sgmets.redton in panigt occuefer I arger pagOe,
FUgU'eTeS and 9 S O 1ow thr pr o Of ~ ~ pgswr sd

j pComr". The Whee mrcessshw A m result Is the absence of locality
z e mly a on"s that us sa amounts " r ftreferemee patterns for the pro-

of d t ite ~ eelaio that the (pm a "0 ! to the data pages).
strucoture of 1515comA'ac~t of its Wand ryu WO & Vsea to hivi noOM=ai It wa bmbt er'tePW-11 computer 1= 4iam showg Inl @Ode 1"~~ They doCalait be Us Ax U appears:whib hd averaUmted address sae abg olc

tog be .1 mmrth useful il t
&moernopeatit. e ng systems chnes In

~'I5 V'~am. ~ we shudbtepormsmaue

on-~,, bL onIsn



hre had not been structured to medimise [oe Pevin and J. Lroud-er.
loaiy bu a exnton o h char oug WWWWW' awt~es ad No4011 of Pr'o-
seat that the payoff would not have been large. of 01 Aath v.w, ACM 76, Proceed-

acleve a.nd dm phh.Ins of the Annuma CNference

tc dicmmed above and manage memory t  [Chu"] V. W. Chu and H. 01 erbeck, Pro-
S rty. 72111M that, it Is H deiabl, to B o the Pbse-,sau

nt an be provided by the ope t .ep l.we v AYl.v.t_ m.
to alow -Prarom to ft C itgutar. Vol. 9. No. I1I (Nov. 1976),

behavior. The-standard VNUNIW
System provided only on much [7.776] D. Ferrari, TM ".
Iat tie time of this study: a hint ,n B, xhs,or'Zr 4, s, "; e/ms~r,.Computer, o.

coldbegienthtthe behavior would be o.1 (Nov. 7)39-4?.
S.. beomerado re SISUa -S-2ld [JarsiI J. F. Jarvis and J. A. Tyon, FOCAS:beeD LP &.-l. sawas very efef. e- used Irin f.ct asaiftetion wid

by US? during gar 0 Ooaledtion. An iixper iuak 6faSilWm, The Astronomical
.mental verson of vIuI now ale. o/lo the Journal, Vol. 8, No.3, (March, 1981).

hint that a program is about to exhibit sequen- 476-495.
til behavior.

Based on the data presented here, the 1.3- [Wl7 Ia. J. Lau. Fb.tom e .]mrot-
lwing seems to be a good choice for p1mitives. _MIWoPV S hf 5 I

rrogra s may be regulr (have "me locality). Ph.D. di t ion. Uvrif Cal
rn.dom (no. cali ty), squential (mendngr Ini. erkeley, 1979.
descending) or total (very i cent to run a EG o nJ
unles a ll pages a be memory resident). c A. C. Ucellar and E. G. Cofman, Jri,
whole program or only a segment of the fti'-oldWa 56ft
address space or only a phase In th priera*is OP or avedlfieOMOVSV

aletime may exhibit the hinted v9ior. k msC C
* at2In systems should be euIpped to ban- 1969), 15316.

hin ld from programs as to type of their
memory referencing behavior. It |I exlpeted
thaUt muh bUnto would be provided only for
hil used programs and for programs with

. apbe.d performance problems.
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Ttm (Seconds)

.wow

.a. ..

,-. . ., ,. .. ..,. ,
va

*:: : - -

.* - .. , * • * . - "" - _

.. o -. ++,,l ml m 
+ 

* llll. . . w ** - 4.. e+,l

• 
e

'7 "l



L'\ t

3.'4 1 * 4>" N

'\+9~.t -~
Zr4  

4~ a
V " ' I '

w'
NE-.

'3 '3. * 4

1'''~'~ 3

-'3%, t.c§t'-tE.A ,~,... .4', -

~
~ *4 W

'N 4 r' ;

A ~t4 ~i'-

4333.; ''44-9 ' - *?A'S -- ~ ~~*' ..x4 '.'v~5
,,jt -p

3 3
"'3 'S

't '3. .3***
r~t3t *g*~

tiN ~ A')' LA'' "32t.J~Y3z.t 13~1<.,7 ~

.4,.,-.

V~ ~ S.. . "N-Z9t43

~ 
33

Z ~)yN'~

.ny' :~(*

4- *433'

&:~"' "&>'4Y .x.AKZ> ~-t~i& 4

~ ~" rQ
t

; .., -

* "~k~~~-1 ~ -~ - .~

LI' -. ~ '7j~ t' ~ In~. . <t24;s'J
NY .f

A- ~ ~t4§%Zt~'Y ~>'>~

i-li ~
'ZC? es,, '

I

* ~ 'It

~" ,..



AA

Address (Kilobytes)

A s t0 100

* Ftgure: 8C2

10 '

AAddress (Kilobytes)

0 11000
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0-0.

Figure 8: C21
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